Sunlight is the most abundant energy source on this planet. However, the ability to convert 1 1 sunlight into biological energy as adenosine-5'-triphosphate (ATP) is thought to be limited to 1 2 chloroplasts in photosynthetic organisms. Here we show that mammalian mitochondria can also 1 3 capture light and synthesize ATP when mixed with a light-capturing metabolite of chlorophyll.
1
The presented data are consistent with the hypothesis that metabolites of dietary chlorophyll 4 2 modulate mitochondrial ATP stores by catalyzing the reduction of Coenzyme Q. These findings 4 3 have implications to our understanding of aging, normal cell function and life on earth.
5

Results
6 7
Light-driven ATP synthesis in isolated mammalian mitochondria
8
To demonstrate that dietary chlorophyll metabolites can modulate ATP levels, we examined the 4 9 effects of the chlorophyll metabolite pyropheophorbide-a (P-a) on ATP synthesis in isolated 5 0 mouse liver mitochondria in the presence of red light (λ max = 670 nm), to which chlorin type 5 1 molecules such as P-a strongly absorb (Aronoff, 19) , and to which biological tissues are 5 2 relatively transparent. We used P-a because it is an early metabolite of chlorophyll, however, 5 3 most known metabolites of chlorophyll can be synthesized from P-a by chemistry that normally 5 4 take place in animal cells. Control samples of mitochondria without P-a, and/or kept in the dark 5 5
were also assayed. In the presence of P-a, mitochondria exposed to red light produce more ATP 5 6 than mitochondria without P-a (Fig. 1A) or mitochondria kept in the dark (supplementary alone had no effect on any of the above measures of mitochondrial activity (supplementary 6 0 material Fig. S1E -G). With too much added P-a, ATP concentrations and the rate of oxygen 6 1 consumption started to return to levels to that of mitochondria not incubated with P-a 8 0
CoQ 10 molecules exist in two alternate states of oxidation: ubiquinone, the oxidized form, and 8 1 ubiquinol, the reduced form. To show the P-a metabolite could catalyze the photoreduction of 8 2 mitochondrial CoQ 10 , we measured the oxidation state of CoQ 10 in the above sheep heart 8 3 mitochondrial fragments in response to exposure to red light. We exposed the mitochondria to 8 4 light for 10 minutes and measured the percent of reduced and oxidized CoQ 10 by high 8 5 performance liquid chromatography (HPLC) (Qu et al., 2013) . In the isolated mitochondria 8 6 fragments, nearly all the CoQ 10 was oxidized in the form of ubiquinone. However, when we 8 7 incubated the mitochondria with P-a and exposed the suspension to light, 46% of CoQ 10 was 8 8 reduced (Table 1 , entry 1). In comparison, as a positive control, we energized the mitochondria 8 9
with glutamate/malate and kept the suspension in the dark, yielding a 75% reduction of CoQ 10 9 0 within 10 minutes (entry 2). In the absence of light, no reduction occurred (entry 3). Upon 1 0 0
Light-driven ATP synthesis in rodent tissue homogenates 1 0 1
To determine whether chlorophyll metabolites and light could influence ATP production in 1 0 2 conditions that more closely resemble those found in vivo, we treated mouse brain homogenates 1 0 3
with P-a and exposed them to 670-nm light. The treated brain homogenates synthesized ATP at a 1 0 4
35% faster rate than a control homogenate that was not incubated with P-a ( To demonstrate that photon absorption by P-a is necessary to enhance ATP production, we 1 1 0 exposed the P-a-treated brain homogenates to greenish (500 nm) and red (630, 670 and 690 nm) 1 1 1 light, all with the same total energy. As expected, the wavelengths of light that were strongly 1 1 2 absorbed by P-a produced the largest increase in ATP. For example, the ATP concentration 1 1 3
increased by approximately 16-fold during exposure to 670 nm light; relative to the same sample 1 1 4 kept in the dark, it only increased by two-to-five-fold during exposure to 500, 630 and 690-nm 1 1 5 light of equal energy (Fig. 3B ). In addition to brain homogenates, P-a also enhanced ATP production in adipose, lens and heart 1 1 8 1 3 8 1 3 9
To determine if the red fluorescence was localized to mitochondria, we measured the relative homogenate. This observation suggests that P-a was concentrated in the mitochondria, consistent 1 4 4 with data summarized in Fig. 2A observed mitochondrial CoQ 10 was reduced when isolated mitochondria were exposed to light 2 9 3
and P-a (Table 1) . Also consistent with light/P-a acting upstream of complexes I and II, in 2 9 4 isolated mitochondria we observed an increase in ATP in the absence of added electron transport 2 9 5
substrates, such as glutamate and malate (Figures 1A, S1A-C). However, further evidence is 2 9 6 needed to confirm this mechanistic hypothesis.
9 7 9 8
Photons in vivo 2 9 9
Intense red light between 600 and 700 nm has been reported to modulate biological processes 3 0 0 (Hashmi et al., 2010; Passarella et al., 1984; Wong-Riley et al., 2005) , and has been investigated 3 0 1 as a clinical intervention to treat a variety of conditions (Hashmi et al., 2010) . Exposure to red 3 0 2 light is thought to stimulate cellular energy metabolism and/or energy production by poorly 3 0 3 defined mechanisms (Hashmi et al., 2010) . In the presence of P-a, we observed changes in amount of light illuminating your brain would allow you to comfortably read a printed book 3 0 7 (Benaron et al., 2002) . In humans, the temporal bone of the skull and the scalp attenuate only 3 0 8
50% of light at a wavelength of approximately 670 nm (Eichler et al., 1977; Wan et al., 1981 To date, the reported chlorophyll metabolites isolated from animals have been demetalated 3 2 7 (Egner et al., 2000; Fernandes et al., 2007; Scheie and Flaoyen, 2003) . The acidic environment 3 2 8 of the stomach is thought to bring about loss of chlorophyll's magnesium (Ferruzzi and 3 2 9 Blakeslee, 2007; Ma and Dolphin, 1999) . Our absorbance data of extracted pigments from rat fat 3 3 0 is consistent with the presence of chlorophyll metabolites bonded to a metal ( Figure 5 the mechanism by which ATP is increased or the measured amount of the increase, the larger 3 6 9
question is: how much of an increase in ATP is enough to make a biological difference?
In animals, treatment with P-a and light both increased ATP and median life span suggesting that we suspect that ATP modulation also played a role in vision enhancement. The increase in life 3 7 7
span may seem contradictory, given that there are observations suggesting limiting metabolism 3 7 8
and ATP synthesis increases this worm's life span. It has been proposed that the life span of this 3 7 9 worm is determined by the metabolic status during development (Dillin et al., 2002) and that
there is a coupling of a slow early metabolism and longevity (Lee et al., 2003) . Observations drop by as much as 50% compared to day zero (Braeckman et al., 1999; Braeckman et al., 2002) .
8 7
This difference in timing may account for why we observe an increase in life span in response to 3 8 8
an increase in ATP. We note that besides caloric restriction, there are only a few interventions 3 8 9
that are known (Petrascheck et al., 2007) to increase life span when given to an adult animal. might be a result of an increase in ROS due to the generation of singlet oxygen. However, our 3 9 6
published data with blood plasma (Qu et al., 2013) and data here from C. elegans do not show an 3 9 7 increase in ROS. As ubiquinol is a potent lipid antioxidant (Frei et al., 1990) any ROS increase 3 9 8 might be offset by an increase in ubiquinol generated from the photo-reduction of coenzyme Q.
9 9
Indeed, by producing ubiquinol, P-a might have alternatively increased life span by protecting 4 0 0 against long-term oxidative damage, also a mechanism that has been shown to increase C. 
5 9
Lysis buffer: 10 mM Tris, pH 7.5; 100 mM NaCl; 1 mM EDTA and 1% Triton X-100. 
7 3
Reactions were run with mitochondria at a concentration of ≈ 1 mg protein/mL in buffer A. For 4 7 4
light exposure, a 660-nm LED was directed at the plastic (Poly-(methyl methacrylate)) chamber. HPLC. HPLC conditions have been reported (Qu et al., 2009; Qu et al., 2011) . Briefly, we used 5 2 2
an isocratic elutent consisting of 1% sodium acetate 3% glacial acetic acid, 5% butanol in 5 2 3 methanol at 0.6 mL per minute. The HPLC column was 50 x 2.1 mm, C-18, 2.6 u, 100Å To produce brain homogenates, the frontal lobe was homogenized using 2 strokes of a Potter S 5 3 2
homogenizer (Sartorius AG, Goettingen, Germany) at 4 °C (20 mg of brain to 1 mL buffer A).
3 3
The homogenate (80 μ L) was added to buffer A (920 μ L) and treated as described above for liver 5 3 4
samples. Reactions were run in triplicate and data obtained between 5 and 50 min after lysis.
3 5
ATP production showed a linear increase during this time, which was fitted to a line, the slope of
which is reported as the relative ATP synthesis rate. Technologies, Grand Island, NY).
4 7 4 8
Heart tissue (20 mg) was homogenized as above in 1 ml ATP assay buffer. 10 μ L of P-a (1 mM)
and 10 μ L of ADP (10 mM) and 940 μ L of ATP assay buffer were added into 40 μ L tissue 5 5 0
homogenate. The mixture was exposed to red light and ATP was determined as described above 5 5 1 using a luciferase based ATP kit. Real time ATP monitoring in C. elegans 6 2 0
We administered the P-a chlorophyll metabolite by adding it to the culture medium for a 6 2 1 minimum of 24 h. To confirm P-a uptake, we washed away the culture medium containing P-a, 6 2 2 suspended the worms in fresh medium and determined the fluorescence spectra in the worms.
2 3
Treated worms had signature chlorophyll-derived fluorescence, while control worms that were 6 2 4
not given P-a exhibited no such fluorescence, confirming metabolite uptake. 6 2 5 6 2 6
Method A -Worms were grown in liquid culture at a density of 10,000 worms/mL. Twenty-four 6 2 7
hours before the experiment, the culture was split into control and treatment groups and varying 6 2 8
amounts of a P-a stock solution in DMSO were added to the treated groups. Control worms were 6 2 9
given DMSO vehicle. Worms were washed with M9 buffer (IPM Scientific, Eldersburg, MD) to 6 3 0 remove food and unabsorbed P-a and resuspended at 3,000 worms/mL. 50 μ L of worm 6 3 1 suspension from each of these groups were plated into a well of a 96-well plate. Each One-day-old adult worms in liquid culture were incubated with P-a for 24 h, washed with M9 6 5 4
buffer and re-suspended in M9 buffer at 50,000 worms/mL. The control group was incubated in 6 5 5
DMSO vehicle without P-a. We placed 100 μ L of each worm suspension into 18 centrifuge 
